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Abstract
The only string models known to reproduce the Minimal Supersymmetric
Standard Model in the low energy eective eld theory are those constructed
in the free fermionic formulation. We demonstrate the existence of quasi{
realistic free fermionic heterotic{string models in which supersymmetric singlet
flat directions do not exist. This raises the possibility that supersymmetry is
broken perturbatively in such models by the one{loop Fayet{Iliopoulos term.
We show, however, that supersymmetric flat directions that utilize VEVs of
some non{Abelian elds in the massless string spectrum do exist in the model.






The only string models known to produce the minimal supersymmetric stan-
dard model in the low energy eective eld theory are those constructed in the free
fermionic formulation [1]. The rst free fermionic string models that were constructed
included the flipped SU(5) string models [2] (FSU5), the standard{like string models
[3, 4] (SLM) and the Pati{Salam string models [5] (PS). Recently, we constructed
such three generation free fermionic models with the Left{Right Symmetric (LRS)
gauge group, SU(3)SU(2)LSU(2)RU(1)B−L [6]. The massless spectrum of the
FSU5, SLM and PS free fermionic string models that have been constructed always
contained an \anomalous" U(1) symmetry. The anomalous U(1)A is broken by the
Dine{Seiberg{Witten mechanism [7] in which a potentially large Fayet{Iliopoulos D{
term  is generated by the VEV of the dilaton eld. Such aD{term would, in general,
break supersymmetry, unless there is a direction ^ =
∑
ii in the scalar potential
for which
∑
QiAjij2 < 0 and that is D{flat with respect to all the non{anomalous
gauge symmetries along with F{flat. If such a direction exists, it will acquire a VEV,
canceling the Fayet{Iliopoulos {term, restoring supersymmetry and stabilizing the
vacuum. The set of D and F flat constraints is given by,
hDAi = hDαi = 0; hFi  @W
@i



















where k are the elds which acquire VEVs of order
p
, while the K{terms contain
elds i like squarks, sleptons and Higgs bosons whose VEVs vanish at this scale.
QkA and Q
k
α denote the anomalous and non{anomalous charges, and MPl  2 
1018 GeV denotes the reduced Planck mass. The solution (i.e. the choice of elds
with non{vanishing VEVs) to the set of equations (1.1){(1.3), though nontrivial, is
not unique. Therefore in a typical model there exist a moduli space of solutions
to the F and D flatness constraints, which are supersymmetric and degenerate in
energy. Much of the study of the superstring models phenomenology (as well as non{
string supersymmetric models [8]) involves the analysis and classication of these flat
directions. The methods for this analysis in string models have been systematized in
the past few years [9, 1].
It has in general been assumed in the past that in a given string model there
should exist a supersymmetric solution to the F and D flatness constraints. The
simpler type of solutions utilize only elds that are singlets of all the non{Abelian
groups in a given model (type I solutions). More involved solutions (type II solutions),
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that utilize also non{Abelian elds, have also been considered [1], as well as recent
inclusion of non{Abelian elds in systematic methods of analysis [1].
In contrast to the case of the FSU5, SLM and PS string models, the LRS string
models [6] gave rise to models in which all the Abelian U(1) symmetries are anomaly
free. These models, therefore, are at a stable point in the moduli space, and the
vacuum remains unshifted. In ref. [6] we discussed the characteristic features of the
LRS string models that resulted in models completely free of Abelian anomalies.
On the other hand, some of the LRS string models that were constructed in ref.
[6] did contain an anomalous U(1). In this paper we examine the supersymmetric
flat directions in the LRS models that do contain an anomalous U(1) symmetry,
and nd some surprising results. The immediate observation is that in the LRS
string model that we study, there in fact does not exist a type I solution. Namely,
there is no supersymmetric vacuum that is obtained solely by utilizing singlet VEVs!
Specically, there is no solution to the D{term constraints that utilizes solely singlet
VEVs! If a D{flat vacuum exists it necessitates the induction of a non{vanishing
VEV for some non{Abelian elds in the spectrum. We then show that in fact there
exists a D{flat solution that utilizes non{Abelian VEVs. While in the past non{
Abelian VEVs have been advocated for phenomenological considerations [11], this is
the rst instance were non{Abelian VEVs are necessitated by requiring the existence
of a supersymmetric vacuum at the Planck scale. This is an interesting outcome
for the following reason. It has been argued in the past that NA VEVs necessarily
induce a mass term in the superpotential that results in hierarchical supersymmetry
breaking [10]. While in the past the motivation for the non{Abelian VEVs was
purely phenomenological [11], here we have an example were the non{Abelian VEVs
are enforced if we require that there is no supersymmetry breaking VEVs of the
Planck scale order. The new features of the LRS string model may therefore have
important bearing on the issue of supersymmetry breaking.
Several further comments are in order. First we comment that the LRS symmetric
model under study cannot give rise to a realistic model for the following reasons.
First, all the Higgs doublets from the Neveu{Schwarz sector are projected out by
the GSO projections, which renders the prospect of generating realistic fermion mass
spectrum rather problematic. Second, and more importantly, the non{Abelian elds
L that are used to cancel the anomalous U(1) D{term carry fractional electric charge
and consequently the supersymmetric vacuum state cannot be realistic.
The new features of the LRS string models have interesting potential implications
from additional perspectives. First, as discussed above, the model does not admit
singlet flat directions. The question then is whether a given string model always
admits a supersymmetric vacuum. This has always been assumed in the past, but
there is no theorem to this eect. In the present model we do show that there exists
a supersymmetric vacuum at the Planck scale, but the new observations prompt
us to examine the issue in closely related models which will be reported in a future
publication. However, lets assume that a supersymmetric flat direction does not exist.
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The implication would be that the vacuum is necessarily non{supersymmetric and the
supersymmetry breaking is of the order of the string scale. However, this breaking is
unlike the breaking that can be induced by projecting the remaining gravitino with a
GSO projection. While in the later the supersymmetry breaking is at the level of the
spectrum, in the former the tree level spectrum remains supersymmetric. In fact, as
a result, also the one{loop partition function, and hence the one{loop cosmological
constant, is vanishing. One still expects, however, a two{loop contribution to the
vacuum energy due to the possible non{vanishing D{term [12]. These new features
of the LRS string models may therefore have important bearing on the issue of
supersymmetry breaking as well as on that of the vacuum energy. Although we nd
that supersymmetric flat directions do exist in the model, we in general expect that
hidden sector condensates break supersymmetry and lift the flat directions [10, 1].
This is unlike the case in type I solutions in which one often nds solutions that are
not lifted by hidden sector condensates. Thus, the LRS models may reveal a situation
in which NA VEVs are enforced by requiring that the vacuum is supersymmetric at
the Planck scale. Which, in turn, induces hierarchical SUSY breaking by the hidden
sector condensates. In such a situation, the hierarchical breaking of supersymmetry
is no longer a choice, but is enforced in the vacuum.
2 The string model
The realistic free fermionic string models are constructed by specifying a set of
boundary condition basis vectors and one{loop GSO projection coecients [13]. The
rules for extracting the superpotential terms were derived in ref. [14] The general
structure of the models have been discussed in detail in the past. The basis vectors
which generate the models are divided into two groups. The rst ve consist of the
NAHE set [15] and are common to all the semi{realistic free fermionic models. The
second consists of three additional boundary condition basis vectors. Specic details
on the construction of the LRS free fermionic string models are given in ref. [6].
The left{right symmetric free fermionic heterotic string model that we consider
is specied in the tables below. The boundary conditions of the three basis vectors
which extend the NAHE set are shown in Table (2.1). Also given in Table (2.1) are
the pairings of left{ and right{moving real fermions from the set fy; !jy; !g. These
fermions are paired to form either complex, left{ or right{moving fermions, or Ising
model operators, which combine a real left{moving fermion with a real right{moving
fermion. The generalized GSO coecients determining the physical massless states
of Model 1 appear in matrix (2.2).
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LRS Model 1 Boundary Conditions:
 µ 12 34 56  1,...,5 1 2 3 1,...,8
 0 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 0 0 0 0
 0 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 0 0 0 0












0 1 1 1 1 1 1 0
y3y6 y4y4 y5y5 y3y6 y1!5 y2y2 !6!6 y1!5 !2!4 !1!1 !3!3 !2!4
 1 1 1 0 1 1 1 0 1 1 1 0
 0 1 0 1 0 1 0 1 1 0 0 0
γ 0 0 1 1 1 0 0 0 0 1 0 1
(2.1)
LRS Model 1 Generalized GSO Coecients:


1 S b1 b2 b3   γ
1 1 1 −1 −1 −1 1 1 i
S 1 1 1 1 1 −1 −1 −1
b1 −1 −1 −1 −1 −1 −1 −1 i
b2 −1 −1 −1 −1 −1 −1 −1 i
b3 −1 −1 −1 −1 −1 −1 −1 i
 1 −1 1 1 1 1 1 1
 1 −1 −1 −1 1 −1 −1 −1




In matrix (2.2) only the entries above the diagonal are independent and those
below and on the diagonal are xed by the modular invariance constraints. Blank
lines are inserted to emphasize the division of the free phases between the dierent
sectors of the realistic free fermionic models. Thus, the rst two lines involve only the




. The set f1;Sg generates the N = 4 model with S being the






control the space{time supersymmetry in the superstring models. Similarly, in the
free fermionic models, sectors with periodic and anti{periodic boundary conditions,






chirality of the states from these sectors.
We note that the boundary condition basis vectors that generate the string model
















= +1 in Model 3 of [6]. As
we elaborate below, the consequence of this GSO phase change is that the gauge
symmetry is enhanced, with one of the Abelian generators being absorbed into the
enhanced non{Abelian gauge symmetry. Consequently, the number of Abelian group
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factors is reduced, which simplies somewhat the analysis of the D{flat directions.
However, the results that we discuss here are independent of this simplication and
therefore also hold in Model 3 of ref. [6].
The nal gauge group of the string model arises as follows: In the observable
sector the NS boundary conditions produce gauge group generators for
SU(3)C  SU(2)L  SU(2)R  U(1)C  U(1)1,2,3  U(1)4,5,6 (2.3)
Thus, the SO(10) symmetry is broken to SU(3)SU(2)LSU(2)RU(1)C , where,
U(1)C = TrU(3)C ) QC =
3∑
i=1
Q(  i): (2.4)
The flavor SO(6)3 symmetries are broken to U(1)3+n with (n = 0;    ; 6). The rst




three U(1) symmetries are present in all the three generation free fermionic models
which use the NAHE set. Additional horizontal U(1) symmetries, denoted by U(1)j
(j = 4; 5; :::), arise by pairing two real fermions from the sets fy3,,6g, fy1,2; !5,6g,
and f!1,,4g. The nal observable gauge group depends on the number of such
pairings. In this model there are the pairings, y3y6, y1!5 and !2!4, which generate
three additional U(1) symmetries, denoted by U(1)4,5,6
.
In the hidden sector, which arises from the complex world{sheet fermions 18,
the NS boundary conditions produce the generators of
SU(3)H1  U(1)H1  U(1)7′  SU(3)H2  U(1)H2  U(1)8′ : (2.5)
U(1)H1 and U(1)H2 correspond to the combinations of the world{sheet charges
QH1 = Q(
1)−Q( 2)−Q( 3) +Q( 4)−
7∑
i=5








The sector   1 + b1 + b2 + b3 produces the representations (3; 1)−5,0 (3; 1)5,0
and (1; 3)0,−5  (1; 3)0,5 of SU(3)H1  U(1)H1 and SU(3)H2  U(1)H2 . Thus, the
E8 symmetry reduces to SU(4)H1  SU(4)H2  U(1)2. The additional U(1)’s in
SU(4)H1,2 are given by the combinations in eqs. (2.6) and (2.7), respectively. The
remaining U(1) symmetries in the hidden sector, U(1)7′ and U(1)8′ , correspond to
∗It is important to note that the existence of these three additional U(1) currents is correlated
with a superstringy doublet{triplet splitting mechanism [16]. Due to these extra U(1) symmetries
the color triplets from the NS sector are projected out of the spectrum by the GSO projections
while the electroweak doublets remain in the light spectrum.
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the combination of world{sheet charges
Q7′ = Q( 
1)−Q( 7); (2.8)







Q( )i +Q( 8): (2.9)
In addition to the NS and  sector the string model contains a combination of
non{NAHE basis vectors with XLXL = 0, which therefore may give rise to additional
space{time vector bosons. The vector combination is given by X   + 2γ, where
  1 +b1 +b2 +b3. This combination arises only from the NAHE set basis vectors
plus 2γ, with γ inducing the left{right symmetry breaking pattern SO(6)SO(4) !
SU(3)U(1) SU(2)L  SU(2)R, and is independent of the assignment of periodic
boundary conditions in the basis vectors ,  and γ. This vector combination is
therefor generic for the pattern of symmetry breaking SO(10) ! SU(3)C U(1)C 
SU(2)L  SU(2)R, in NAHE based models.
The sector X gives rise to six additional space{time vector bosons which are
charged with respect to the world{sheet U(1) currents, and transform as 3 3 under
SU(3)C . These additional gauge bosons enhance the SU(3)C  U(1)C′ symmetry to
SU(4)C , where U(1)C′ is given by the combination of world{sheet charges,
QC′ = Q(  
1)−Q(  2)−Q(  3)−
3∑
i=1
Q()i +Q( 7)−Q( 8): (2.10)
The remaining orthogonal U(1) combinations are
Q1′ = Q1 −Q2;
Q2′ = Q1 +Q2 − 2Q3;
Q3′ = 3QC − (Q1 +Q2 +Q3);
Q7′′ = QC + 3(Q1 +Q2 +Q3) + 5Q7′ : (2.11)
and Q4,5,6,8′ are unchanged. Thus, the full massless spectrum transforms under the
nal gauge group, SU(4)C  SU(2)L  SU(2)R  U(1)1′,2′,3′  U(1)4,5,6  SU(4)H1 
SU(4)H2  U(1)7′′,8′.
In addition to the graviton, dilaton, antisymmetric sector and spin{1 gauge
bosons, the NS sector gives three pairs of SO(10) singlets with U(1)1,2,3 charges;
and three singlets of the entire four dimensional gauge group.
The states from the sectors bj  bj + X (j = 1; 2; 3) produce the three light
generations. The states from these sectors and their decomposition under the entire
gauge group are shown in Table 1 of the Appendix. The leptons (and quarks) are
singlets of the color SU(4)H1,H2 gauge groups and the U(1)8′ symmetry of eq. (2.9)
becomes a gauged leptophobic symmetry. The leptophobic U(1) symmetry arises
from a combination of the U(1)B−L symmetry with a family universal combination
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of the flavor and hidden U(1) symmetries [17]. The remaining massless states in the
model and their quantum numbers are also given in Table 1.
We next turn to the denition of the weak{hypercharge in this LRS model. Due to
the enhanced symmetry there are several possibilities to dene a weak{hypercharge
combination which is still family universal and reproduces the correct charge assign-
ment for the Standard Model fermions. One option is to dene the weak{hypercharge








This is identical to the weak{hypercharge denition in SU(3) SU(2) U(1)Y free
fermionic models, which do not have enhanced symmetries, as for example in Model
3 of ref. [6]. The weak hypercharge denition of eq. (2.12) reproduces the canonical
MSSM normalization of the weak hypercharge, kY = 5=3. Alternatively, we can










where U(1)3′ and U(1)7′′ are given in (2.11). This combination still reproduces the
correct charge assignment for the Standard Model states. The reason being that
the states from the sectors bi i = 1; 2; 3 which are identied with the Standard
Model states, are not charged with respect to the additional Cartan subgenerators
that form the modied weak hypercharge denition. In some models it is found that
such alternative denitions allow all massless exotic states to be integrally charged.
The price, however, is that the Kac{Moody level of the weak hypercharge current
as dened in eq. (2.13) is no longer the canonical SO(10) normalization and the
simple unication picture is lost. We conclude that the model admits a sensible
weak{hypercharge denition, which for our purpose here is sucient. We stress that
our objective here is not to present the LRS string model as a semi{realistic model,
but rather to study the new features pertaining to the existence of a supersymmetric
vacuum.
3 Anomalous U(1)
The string model contains an anomalous U(1) symmetry. The anomalous U(1)
is a combination of U(1)4, U(1)5 and U(1)6, which are generated by the world{sheet
complex fermions y3y6, y1!5 and !2!4, respectively. The anomalous U(1) that arises
in this model is therefore of a dierent origin than the one that typically arises in
the FSU5, SLM and PS free fermionic string models. The dierence between the two
cases is discussed in detail in ref. [6]. In short, the main distinction is that in the case
of the FSU5, SLM and PS string models, the U(1) symmetries, U(1)1, U(1)2 and
U(1)3 which are embedded in the observable E8 are necessarily anomalous because
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of the symmetry breaking pattern E6 ! SO(10)  U(1)A [18], whereas in the LRS
models they are necessarily anomaly free because the models do not admit the pattern
E6 ! SO(10)  U(1)A. Consequently, in the LRS string models the anomalous
U(1) can only arise from U(1) currents that arise from the six dimensional internal
manifold, rather than from the U(1) currents of the observable E8. This distinction,
as we demonstrate further below, is potentially important because typically the non{
Abelian singlets that arise from the untwisted sector, and are used to cancel the
U(1)A D{term equation, are charged with respect to U(1)1,2,3, but not with respect
to U(1)4,5,6, which arise from the internal \compactied" degrees of freedom.
The anomalous U(1) generates a Fayet{Iliopoulos D{term, which breaks super-
symmetry and destabilizes the vacuum. Stabilization of the vacuum implies that the
vacuum is shifted by a VEV which cancels the anomalous U(1) D{term and restores
supersymmetry. If such a direction in the scalar potential does not exist, it would
imply that supersymmetry is necessarily broken and a supersymmetric vacuum does
not exist. Additionally a supersymmetric vacuum also requires that F{flatness is
also respected in the vacuum. The anomalous U(1)A combination is given by
UA  U4 + U5 + U6; (3.1)
with TrQA = −72. The two orthogonal linear combinations,
U4′ = U4 − U5 (3.2)
U5′ = U4 + U5 − 2U6
are both traceless.
Since TrQA < 0, the sign for the Fayet{Iliopoulos term is negative. Requiring
D{flatness then implies that that there must exist a direction in the scalar potential
in which a eld (or a combination of elds) with positive total U(1)A charge, gets
a VEV and cancels the U(1)A D{term. Examining the massless spectrum of the
model, given in Table 1, we immediately note that the model does not contain any
non{Abelian singlet elds with such a charge. Therefore, if a supersymmetric vacuum
exists, some non{Abelian elds must get a VEV. From Table 1 it is seen that the
only states that carry positive U(1)A charge are the SU(2)L and SU(2)R doublets
from the three sectors bk +  + 2γ  1 + bi + bj + 2γ, (i; j; k = 1; 2; 3) with i,
j, k all distinct. This then implies that SU(2)L or SU(2)R must be broken in the
vacuum. The same result holds also in Model 3 of ref. [6], in which there is no gauge
enhancement from the sector  + 2γ. We note, however, that the doublets from
these sectors carry fractional 1=2 charge with respect to electric charge as dened
in Eq. (2.12). While there exist alternative denitions of the weak{hypercharge that
allow these states to be integrally charged, the primary question of interest here is
whether a supersymmetric vacuum exist at all! In the model under consideration
this is contingent on nding D{flat direction, which are also F{flat. We next turn to
examine whether a D-flat direction exist in this model.
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4 D–Flat Directions
In Tables 1 and 2 we have listed all of the massless states that appear in our LRS
string model. There are a total of 68 elds, 38 of which may be used to form 19
sets of vector{like pairs of elds. Of these 19 vector{like pairs, 13 pairs are singlets
under all non{Abelian gauge groups, while three pairs are −4/4 sets under SU(4)C
and two pairs are 6/6’s sets under SU(4)H1. The 30 non{vector{like elds are all
non{Abelian reps. That is, all singlets occur in vector{like pairs.
The anomalous charge trace of U(1)A is negative for the LRS Model 1. Thus,
the anomaly can only be cancelled by elds with positive anomalous charge. In
this model none of the NA singlets carry anomalous Q(A). The only elds with
positive anomalous charge are three SU(2)L doublets, LL1,L2,L3 and three SU(2)R
doublets, LR1,R2,R3. Hence any possible flat solutions automatically break the initial
SU(2)L  SU(2)R symmetry to a subgroup. Good phenomenology would clearly
prefer the subgroup SU(2)L  U(1)R.
Since we have clearly shown that no non{Abelian singlet D{flat directions are
possible for this model, it is possible that no D{flat directions exist. That is, the
severity of non{Abelian D{flat constraints may allow for no solutions. Thus, this
model either (i) automatically breaks SU(2)L  SU(2)R or (ii) has no flat directions
and, therefore, breaks supersymmetry at the string scale. In either case, this is a
very interesting model.
To systematically study D{flatness for this model, we rst generate a complete
basis of directions D{flat for all non{anomalous Abelian symmetries. We provide this
basis in Table 2 of the Appendix. For a given row in Table 2, the rst column entry
denotes the name of the D{flat basis direction. The next row species the anomalous
charge of the basis direction. The following seven entries specify the ratios of the
norms of the VEVs of the elds common to these directions. The rst ve of these
elds have vector{like partners. For these, a negative norm indicates the vector{
partner acquires the VEV, rather than the eld specied at the top of the respective
column. The last two of these seven elds are not vector{like. Thus, the norm must
be non{negative for each of these for a flat direction formed from a linear combination
of basis directions to be physical. The next to last entry species the norm of the
VEV of the eld unique to a given basis direction, while the identity of the unique
eld is given by the last entry.
We have labeled these D{flat directions as D1 through D41. The rst eight D{
flat directions (D1 to D8) carry a positive net anomalous charge. The next fourteen
(D9 to D22) carry a negative net anomalous charge, while the remaining nineteen
(D23 to D41) lack a net anomalous charge. There are two classes of basis vectors
lacking anomalous charge. The rst class contains six directions for which the unique
eld is non{vector{like. These directions also contain VEVs for H1 ( H1) and/or H2
( H2). The second class contains thirteen basis directions wherein the unique elds are
vector{like and which do not contain H2′ and/or H4′ . Thus, these thirteen directions
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are themselves vector{like and are denoted as such by a superscript \v". For each
vector{like basis direction, Dv there is a corresponding −Dv direction, wherein the
elds in Dv are replaced by their respective vector{like partners.






























































j2 negative charges on the positive Q(A) directions cannot be made zero or
positive by adding Q(A) = 0 directions to Q(A) > 0 directions. In contrast, all of the











































j2 = 4 . Therefore, physical D{flat directions must necessarily be formed from









j2 are all positive. Physical D{flat directions may also contain

















j2 in the basis directions indicate
that the roots of all physical flat directions must contain either D19 or D20 and
combinations of basis vectors D1, D2, D3, and D4 of the form
n1D1 + n2D2 + n3D3 + n4D4 + n19D19 + n20D20; (4.1)
where the non{negative integers n1, n2; n3, n4, n19, n20 satisfy the constraints
n1 + n2 + n3 + n4 − 2n19 − 2n20 > 0; (4.2)
−n1 − n2 + 2n19 + 2n20  0; (4.3)
−n3 − n4 + 2n19 + 2n20  0: (4.4)
For example, one of the simplest D{flat solutions for all Abelian gauge groups is n1 =
n2 = n3 = n4 = 2, n19 = n20 = 1. This direction is simply j hLL1i j2 = j hLL2i j2 =
j hLL3i j2 = j hLR1i j2 = j hLR2i j2 = j hLR3i j2. The corresponding elds are three
exotic SU(2)L doublets, LL1, LL2, and LL3, and three exotic SU(2)R doublets, LR1,
LR2, and LR3. These six elds are singlets under all other non{Abelian groups.
For this model any D{flat direction must contain SU(2)L or SU(2)R elds. Thus,
let us examine more closely SU(2) D{flat constraints. The only SU(2) elds in this





























As discussed in [19] and [20], each component of the vector ~DSU(2) is the total
\spin expectation value" in the given direction of the internal space, summed over





the SU(2) VEVs must be chosen such that the total x^; y^; and z^ expectation values
are zero. Abelian D{flatness constraints from any extra U(1) charges carried by the
doublet generally restrict the normalization length, LyiLi, of a \spinor" Li to integer
units. Thus, since each spinor has a length and direction associated with it, D{
flatness requires the sum, placed tip{to{tail, to be zero. Let us choose for an explicit
representation of a generic SU(2) doublet L(; ) that used in [19]:
L(; )  A









where A is the overall amplitude of the VEV. The range of physical angles,  = 0 ! 
and  = 0 ! 2 provide for the most general possible doublet. (Note the  phase
freedom for  = 0; .) Each such ,  combination carries a one{to{one geometrical
correspondence.
The contribution of L(; ) to each SU(2) D{term is,
D
SU(2)





L = jAj2 sin  cos  (4.8)
D
SU(2)





L = jAj2 sin  sin  (4.9)
D
SU(2)





L = jAj2 cos  : (4.10)
A doublet’s D-term contribution for any extra U(1) charges carried by it is,
DU(1)(L)  QU(1)jLj2 = QU(1)jAj2 : (4.11)
From this we can see that the VEVS of three SU(2) doublets Li=1,2,3 with equal
norms jA1j2 = jA2j2 = jA3j2  jAj2 can, indeed, produce an SU(2) D{flat direction
with the choice of angles (in radians), 1 = 0, 2 = 3 = 2=3, 2 = 0, 3 = . For
these angles, the SU(2) D{vectors added tip{to{tail for the three doublets form an
equilateral triangle with starting and ending points at the origin. In other words, the
total x^, y^, and z^ expectation values are all zero!
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This flat direction gives a specic example of what will occur for every flat direc-
tion of this model: non{Abelian VEVs (for at least SU(2)L or SU(2)R doublets) are
a necessary eect of the retention of spacetime supersymmetry. This has profound
implications for this model! First, SU(2)LSU(2)R gauge symmetry is automatically
broken at the FI scale. Second, non{Abelian condensates necessarily form.
Let us consider (ignoring eects of other possible eld condensates that might
develop signicantly below the FI{scale) the status of F{flatness for the particular
flat direction j hLL1i j2 = j hLL2i j2 = j hLL3i j2 = j hLR1i j2 = j hLR2i j2 = j hLR3i j2.
From gauge invariance arguments, we nd that F{flatness remains to all nite order.
No related dangerous terms appear in the superpotential. We do however expect
dangerous F{breaking terms to appear at nite orders for all but a few of the more
complicated D{flat directions.
For a generic SU(Nc) gauge group containingNf flavors of matter states in vector{
like pairings Hi Hi, i = 1; : : : Nf , the gauge coupling gs, though weak at the string
scale Mstring, becomes strong for Nf < Nc at a condensation scale dened by
 = MP le
8pi2/βg2s ; (4.12)
where the {function is given by,
 = −3Nc +Nf : (4.13)
The Nf flavors counted are only those that ultimately receive masses m .
Our model contains three vector{like 4− 4 pairs for each hidden sector SU(4)H1,2
gauge group, along with an additional 6 − 6 pair for SU(4)H2. We have computed
all possible mass terms for the non{Abelian elds resulting from our simplest flat
direction VEV. From gauge invariance we nd that the only mass terms appearing
are for the hidden sector 4 and 4 elds.y For these elds all gauge invariant mass terms
are also allowed by picture{changed worldsheet charge invariance, being of worldsheet
[2R; 2R; 2R] class. These mass terms are all sixth order and have coupling constants
of equal magnitude. The latter results from the ZZ2  ZZ2 worldsheet symmetry still
present among these terms. The specic terms are:
(H1 H1′ +H2 H2′) hLL2LL3LR2LR3i
(H1 H3′ +H2 H4′) hLL2LL3LR1LR3i ;
(H1 H5′ +H2 H6′) hLL2LL3LR1LR2i ;
(H3 H1′ +H4 H2′) hLL1LL3LR2LR3i ;
(H3 H3′ +H4 H4′) hLL1LL3LR1LR3i ;
(H3 H5′ +H4 H6′) hLL1LL3LR1LR2i ;
(H5 H1′ +H6 H2′) hLL1LL2LR2LR3i ;
(H5 H3′ +H6 H4′) hLL1LL2LR1LR3i ;
(H5 H5′ +H6 H6′) hLL1LL2LR1LR2i : (4.14)
†No 4 and 4 elds of SU(4)c mass terms of this type appear either.
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Assuming identical phase factors for each of these terms, the eigenstates and mass












(H1 +H3 +H5); Hc =
1
3
( H1′ + H3′ + H5′); M
2
c  1100M2P l :(4.17)
Thus, for SU(4)H1 we have Nc = 4 and Nf = 2. This yields  = −10 and results in
an SU(4)H1 condensation scale
H1 = e
−15.8MP l  3 1011 GeV: (4.18)
The SU(4)H2 eigenstates and eigenvalues may be converted from those of SU(4)H2
by exchanging eld subscripts (1 $ 2), (3 $ 4), and (5 $ 6) and adding one massless
6−6 vector pair. The additional vector pair slightly lowers the SU(4)H2 condensation
scale to around
H2 = e
−17.5MP l  6 1010 GeV: (4.19)
Hidden sector condensation scale of this order, together with the hidden sector matter
condensates and the superpotential terms eq. (4.14), can indeed induce supersymme-
try breaking at a phenomenologically viable scale [10, 1]. As has been argued above,
the LRS string model discussed here does not give rise to a phenomenologically viable
vacuum. The new interesting feature of our LRS string model (2.1,2.2) is the fact
that supersymmetry is hierarchically broken in the vacuum because of the necessity
to utilize non{Abelian VEVs.
5 Discussion
The free fermionic heterotic string models are the only known string models that
reproduced the Minimal Supersymmetric Standard Model in the eective low energy
eld theory. The important characteristics of such models is the generation of solely
the MSSM spectrum in the eective low energy eld theory, as well as the canoni-
cal normalization of the weak{hypercharge, and the general GUT embedding of the
Standard Model spectrum, like the SO(10) embedding. These characteristics are well
motivated by the structure of the Standard Model itself, as well as the MSSM gauge
coupling unication prediction. This should be contrasted with the case of type I
string models in which one does not obtain the compelling GUT picture, but in which
the Standard Model gauge group arises from a product of U(n) groups [21]. The phe-
nomenological success of the free fermionic models gives rise to the possibility that
the true string vacuum lies in the vicinity of these models and justies the continued
eorts to understand the general properties of these models.
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In this paper we examined the existence of a supersymmetric vacuum in the LRS
free fermionic heterotic string models. This class of models exhibits new features
with respect to the anomalous U(1) symmetry. In ref. [6], in contrast to the case
of the FSU5, SLM and PS free fermionic string models, the existence of some LRS
string models with vanishing U(1)A was demonstrated, whereas some LRS models
did contain an anomalous U(1) symmetry. In this paper we observed the absence
of singlet flat directions in the LRS string model which contained an anomalous
U(1). This observation prompted the exciting possibility that a supersymmetric
vacuum does not exist in this model, and that a non{vanishing Fayet{Iliopoulos D{
term is generated at one{loop in string perturbation theory, whereas the one{loop
partition function still vanishes because of the one{loop fermion{boson degeneracy.
However, we demonstrated that a D{flat vacuum, as well as F{flat to all nite orders,
does exist if some non{Abelian elds in the massless string spectrum obtain a non{
vanishing VEV. This is the rst instance in the study of the realistic free fermionic
models in which non{Abelian VEVs are enforced by the requirement of a stable
vacuum rather than by other phenomenological considerations. This situation still
raises interesting prospects for the issue of supersymmetry breaking for the following
reasons. It has been shown that if one utilizes solely singlet VEVs in the cancellation
of the Fayet{Iliopoulos D{term then the vacuum can remain supersymmetric to all
orders. In contrast it has been argued in the past that utilizing non{Abelian VEVs
necessarily results in generation of superpotential mass terms via hidden sector matter
condensates that results in hierarchical supersymmetry breaking [10, 1]. The study
of these issues in closely related models is therefore of further interest and will be
reported in future publications.
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F SEC (C;L;R) QA Q1′ Q2′ Q3′ Q4′ Q5′ Q7′′ Q8′ SU(4)H1;2
QL1 (4; 2; 1) -2 2 2 4 -2 -2 0 8 (1; 1)
QR1 b1 (4; 1; 2) -2 -2 -2 -4 -2 -2 0 -8 (1; 1)
LL1 b1 +  + 2γ (1; 2; 1) -2 2 2 -20 -2 -2 0 0 (1; 1)
LR1 (1; 1; 2) -2 -2 -2 20 -2 -2 0 0 (1; 1)
LL1 (1; 2; 1) 2 2 2 4 -2 2 0 -32 (1; 1)
LR1 (1; 1; 2) 2 -2 -2 -4 2 2 0 32 (1; 1)
QL2 (4; 2; 1) -2 -2 2 4 2 -2 0 8 (1; 1)
QR2 b2 (4; 1; 2) -2 2 -2 -4 2 -2 0 -8 (1; 1)
LL2 b2 +  + 2γ (1; 2; 1) -2 -2 2 -20 2 -2 0 0 (1; 1)
LR2 (1; 1; 2) -2 2 -2 20 2 -2 0 0 (1; 1)
LL2 (1; 2; 1) 2 -2 2 4 -2 2 0 -32 (1; 1)
LR2 (1; 1; 2) 2 2 -2 -4 2 2 0 32 (1; 1)
QL3 (4; 2; 1) -2 0 -4 4 0 4 0 8 (1; 1)
QR3 b3 (4; 1; 2) -2 0 4 -4 0 4 0 -8 (1; 1)
LL3 b3 +  + 2γ (1; 2; 1) -2 0 -4 -20 0 4 0 0 (1; 1)
LR3 (1; 1; 2) -2 0 4 20 0 4 0 0 (1; 1)
LL3 (1; 2; 1) 2 0 -4 4 0 -4 0 -32 (1; 1)
LR3 (1; 1; 2) 2 0 4 -4 0 -4 0 32 (1; 1)
1 (1; 1; 1) 0 0 0 0 0 0 0 0 (1; 1)
2 (1; 1; 1) 0 0 0 0 0 0 0 0 (1; 1)
3 (1; 1; 1) 0 0 0 0 0 0 0 0 (1; 1)
12 Neveu- (1; 1; 1) 0 -8 0 0 0 0 0 0 (1; 1)
12 Schwarz (1; 1; 1) 0 8 0 0 0 0 0 0 (1; 1)
23 (1; 1; 1) 0 4 -12 0 0 0 0 0 (1; 1)
23 (1; 1; 1) 0 -4 12 0 0 0 0 0 (1; 1)
31 (1; 1; 1) 0 -4 -12 0 0 0 0 0 (1; 1)
31 (1; 1; 1) 0 4 12 0 0 0 0 0 (1; 1)
D3 (4; 1; 1) 0 0 4 8 0 0 0 -24 (1; 1)
D3 (4; 1; 1) 0 0 -4 -8 0 0 0 24 (1; 1)
αβ (1; 1; 1) 0 0 -12 0 0 0 0 0 (1; 1)
αβ   S + b1 + b2+ (1; 1; 1) 0 0 12 0 0 0 0 0 (1; 1)
1  +  (1; 1; 1) 0 4 0 0 0 0 0 0 (1; 1)
1  (1; 1; 1) 0 -4 0 0 0 0 0 0 (1; 1)
2  +  (1; 1; 1) 0 4 0 0 0 0 0 0 (1; 1)
2 (1; 1; 1) 0 -4 0 0 0 0 0 0 (1; 1)
S8 (1; 1; 1) 0 0 4 -16 0 0 0 -32 (1; 1)
S8 (1; 1; 1) 0 0 -4 16 0 0 0 32 (1; 1)
Table 1: Model 1 fields.
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Left–Right Symmetric Model 1 Fields Continued
F SEC (C;L;R) QA Q1′ Q2′ Q3′ Q4′ Q5′ Q7′′ Q8′ SU(4)H1;2
D1 (4; 1; 1) 0 2 2 4 0 0 -8 8 (1; 1)
D1 (4; 1; 1) 0 -2 -2 -4 0 0 8 -8 (1; 1)
S1   S + b2 + b3+ (1; 1; 1) 0 -2 6 -12 0 0 8 16 (1; 1)
S1  + γ (1; 1; 1) 0 2 -6 12 0 0 -8 -16 (1; 1)
S2  (1; 1; 1) 0 2 -6 -12 0 0 8 16 (1; 1)
S2  +  + 2γ (1; 1; 1) 0 -2 6 12 0 0 -8 -16 (1; 1)
H1 (1; 1; 1) 0 2 2 -8 0 0 0 -16 (1; 6)
H1 (1; 1; 1) 0 -2 -2 8 0 0 0 16 (1; 6)
D2 (4; 1; 1) 0 -2 2 4 0 0 -8 8 (1; 1)
D2 (4; 1; 1) 0 2 -2 -4 0 0 8 -8 (1; 1)
S3   S + b1 + b3+ (1; 1; 1) 0 2 6 -12 0 0 8 16 (1; 1)
S3  + γ (1; 1; 1) 0 -2 -6 12 0 0 -8 -16 (1; 1)
S4  (1; 1; 1) 0 -2 -6 -12 0 0 8 16 (1; 1)
S4  +  + 2γ (1; 1; 1) 0 2 6 12 0 0 -8 -16 (1; 1)
H2 (1; 1; 1) 0 -2 2 -8 0 0 0 -16 (1; 6)
H2 (1; 1; 1) 0 2 -2 8 0 0 0 16 (1; 6)
H1   S + b2 + b3+ (1; 1; 1) -4 -2 -2 2 2 2 -4 -16 (1; 4)
H1′  + 2γ (1; 1; 1) -4 2 2 -2 2 2 4 16 (1; 4)
H2  (1; 1; 1) -4 -2 -2 2 2 2 4 -16 (4; 1)
H2′  +  (1; 1; 1) -4 2 2 -2 2 2 -4 16 (4; 1)
H3   S + b1 + b3+ (1; 1; 1) -4 2 -2 2 -2 2 -4 -16 (1; 4)
H3′  + 2γ (1; 1; 1) -4 -2 2 -2 -2 2 4 16 (1; 4)
H4  (1; 1; 1) -4 2 -2 2 -2 2 4 -16 (4; 1)
H4′  +  (1; 1; 1) -4 -2 2 -2 -2 2 -4 16 (4; 1)
H5   S + b1 + b2+ (1; 1; 1) -4 0 4 2 0 -4 -4 -16 (1; 4)
H5′  + 2γ (1; 1; 1) -4 0 -4 -2 0 -4 4 16 (1; 4)
H6  (1; 1; 1) -4 0 4 2 0 -4 4 -16 (4; 1)
H6′  +  + 2γ (1; 1; 1) -4 0 -4 -2 0 -4 -4 16 (4; 1)
S5 (1; 1; 1) 0 0 -8 -16 0 0 0 -32 (1; 1)
S5 (1; 1; 1) 0 0 8 16 0 0 0 32 (1; 1)
S6 S +  + 2γ (1; 1; 1) 0 -4 4 -16 0 0 0 -32 (1; 1)
S6 (1; 1; 1) 0 4 -4 16 0 0 0 32 (1; 1)
S7 (1; 1; 1) 0 4 4 -16 0 0 0 -32 (1; 1)
S7 (1; 1; 1) 0 -4 -4 16 0 0 0 32 (1; 1)
Table 1: Model 1 fields continued.
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D1 12 0 -1 1 -2 3 0 -2 2 LR1
D2 12 -1 3 -1 0 1 0 -2 2 LL2
D3 12 -1 3 -1 0 1 -2 0 2 LL1
D4 12 0 -1 -1 2 -1 -2 0 2 LR2
D7 24 -1 4 -4 -2 2 -4 -4 4 QR3
D5 24 -3 4 -4 2 6 -4 -4 4 QL3
D6 24 -1 8 -4 2 6 -4 -4 4 LR3
D8 24 -3 0 -4 -2 2 -4 -4 2 LL3
D9 -12 0 -1 1 0 -1 2 0 2 QR2
D10 -12 1 -3 1 -4 -1 2 0 2 LL2
D11 -12 1 -1 1 -2 1 2 0 2 QL2
D13 -12 0 1 1 2 1 2 0 2 LR2
D12 -12 0 1 1 2 1 0 2 2 LR1
D14 -12 1 -3 1 0 -5 0 2 2 LL1
D15 -12 0 -1 1 0 -1 0 2 2 QR1
D16 -12 1 -1 1 2 -3 0 2 2 QL1
D17 -24 1 -3 1 0 -1 2 2 2 H5′
D18 -24 1 -1 3 0 -3 2 2 2 H5
D19 -24 -1 0 4 2 -2 4 4 4 LL3
D20 -24 5 -8 4 -2 -6 4 4 4 LR3
D21 -48 1 -6 6 2 -4 4 4 4 H6′
D22 -48 3 -2 2 -2 -4 4 4 4 H6
D40 0 -3 4 0 -2 6 0 -4 4 H1
D37 0 1 0 -4 -2 2 0 -4 4 H1′
D41 0 -3 4 0 6 -2 -4 0 4 H3
D29 0 1 0 -4 -2 2 -4 0 4 H3′
D34 0 -1 2 -2 -2 4 0 -2 2 H2
D39 0 -1 2 -2 2 0 0 -2 2 H4
Dv32 0 0 0 0 -2 2 0 0 1 12
Dv35 0 -1 0 0 2 0 0 0 1 23
Dv28 0 -1 0 0 0 2 0 0 1 31
Dv31 0 -1 0 0 1 1 0 0 1 S8
Dv25 0 0 0 0 -1 -1 0 0 1 αβ
Dv33 0 0 0 0 -1 1 0 0 1
1,2
Dv30 0 0 -1 -1 -1 1 0 0 1 S4
Dv27 0 0 -1 -1 0 0 0 0 1 S2
Dv36 0 1 -1 -1 -1 -1 0 0 1 S3
Dv24 0 1 -1 -1 -2 0 0 0 1 S1
Dv23 0 0 0 0 0 -2 0 0 1 S7
Dv38 0 0 0 -2 0 0 0 0 1 S6
Dv26 0 0 0 -1 -1 1 0 0 1 D1
Table 1: Table 2: D–Flat Direction Basis Set for LRS Model 3.
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